Quartz is an anisotropic mineral, and each mid-infrared (7-15 µm) reflectance spectrum collected from an individual quartz crystal is strongly influenced by its orientation. As a result, quartz reflectance spectra contain features that systematically change with orientation. In this study, the trough at 8.63 µm was used to derive crystal orientation information from quartz reflectance spectra collected using a high spatial resolution spectrometer with a 100 × 100 µm spot size. The intensity of this trough was quantified using two band ratios (Ref 8.48 
inTRoducTion
Quartz is one of the most thoroughly studied minerals on Earth, and early investigations into its behavior in the mid-infrared were primarily conducted on large crystals. These investigations revealed that quartz produces two distinct reflectance spectra in the mid-infrared (7-15 µm): one collected parallel to the optical axis (c-axis), and another collected perpendicular to the optical axis (a-axis) ( Fig. 1) (Coblentz 1906 , Reinkober 1911 , Plyler 1929 , Saksena 1940 , Simon & McMahon 1953 , Spitzer & Kleinman 1961 , Lyon & Burns 1963 , Wald & Salisbury 1995 , Wenrich & Christensen 1996 . Building upon this early research, we collected reflectance spectra from quartz crystals using high spatial resolution spectrometers (i.e., 100 × 100 µm spot size) and used these spectra to derive orientation information from quartz crystals in a rock. This method should be of interest to those studying rock fabrics, as it introduces a new technique to obtain crystal orientation information from quartz-bearing rocks.
To develop this method, we collected reflectance spectra from an oriented quartz crystal, which was used to document changes in the position and intensity of spectral features between 7-15 µm as the quartz crystal was rotated from the c-axis. These spectra were documented and compared to a second set of quartz spectra collected from a granite, and relationships between spectral feature intensity and orientation were established. Finally, we used band ratios to derive orientation information from the quartz spectra, highlighting the spatial distribution of quartz crystals and their orientation in a thick section.
MeThods

Samples and Data Collection -Single Crystal Quartz Measurements
A natural, idiomorphic, clear, colorless, chemically pure, unstrained, hydrothermal quartz crystal (2.5 cm long, 1 × 1 cm wide) from Brazil with a prismaticpyramidal shape was cut perpendicular to the c-axis to produce two crystal fragments (Fig. 2) . Reflectance spectra were collected from the c-axis (incident radiation parallel to the c-axis -0 degrees), the a-axis (inci-dent radiation parallel to the a-axis -90 degrees), and from {101} (38° relative to the c-axis) (Fig. 1) . Three spectra were collected from the c-axis; two spectra were collected from each a-axis, totaling six spectra; and four spectra were collected from the intermediate crystal face. Without exception, the spectra collected from each orientation were identical. The spectra obtained from each orientation were averaged to produce a single representative spectrum.
The spectra were collected using a Bruker Vertex 3000 micro-FTIR instrument (7-15 µm). The aperture was set to a square with a size of 100 × 100 µm. The incident radiation (angle of incidence = 0°) was unpolarized, and each spectrum was comprised of 32 scans with a spectral resolution of 4 cm -1 . The spectra were collected in radiance and converted to reflectance using a diffused InfraGold TM standard.
Samples and Data Collection -Thick Section Quartz Measurements
A sample of Archean granite (Inco-37) collected at surface in the Sudbury region, Ontario, containing minerals such as quartz, feldspar, biotite, and hornblende was mounted to a slide and polished to a thickness of ~300 µm. Reflectance spectra were collected from the polished surface using a Thermo Nicolet Nexus 470 FTIR instrument mounted with a Nicolet Continuum infrared microscope (6-15 µm). The incident radiation (angle of incidence = 0°) was unpolarized, and the square aperture was set to a size of 100 × 100 µm. Each spectrum was comprised of 30 scans with a spectral resolution of 2 cm -1 . The spectra were collected in radiance and converted to reflectance using a diffused InfraGold TM standard.
Spectra were collected in four quadrants, with each quadrant containing 25 rows and 25 columns, totaling 625 spectra in each quadrant. There was a 300 µm spacing between each row and each column. In total, 2,500 spectra were collected from an area of 1.5 × 1.5 cm.
Spectral Identification of Quartz
The 2,500 reflectance spectra collected from the Inco-37 thick section included the reflectance spectra of many rock-forming minerals. Four steps were performed to identify the pure quartz spectra in this dataset:
(1) The AuxMatch algorithm contained within The Spectral Geologist software (TSG from CSIRO and AusSpec) was used to determine how similar each spectrum in the dataset was to spectra contained within a user-provided spectral library (Berman 2006) . The first spectral library was comprised of the three representative reflectance spectra produced by the oriented quartz crystal (Fig. 3) . The AuxMatch algorithm within TSG used a Pearson correlation, which produced a numerical value or 'similarity index' between 0 and 1, with 1 being a perfect spectral match.
Using the spectral range between 7 to 15 µm, a similarity index to each of the three spectra was assigned to each spectrum in the dataset. The output was the similarity index with the highest value, and this value Shaded planes indicate locations where reflectance spectra were collected.
fiG.
2. Photo of a natural, well-formed, clear and colorless, chemically pure hydrothermal quartz crystal from Brazil that was cut into two pieces. Reflectance spectra were collected from the c-and a-axes, and from {101} (38° relative to the c-axis).
was linked to the spectrum in the spectral library that was deemed to be the most similar. The algorithm was successful at identifying spectra within the Inco-37 dataset that most closely resembled the quartz spectra collected from the oriented quartz crystal, but the values for the similarity index were, in general, relatively low (<0.80). These low values are caused by differences in the quartz spectra collected from the quartz grains in the granite rock (Inco-37) and the spectra collected from the individual quartz crystal. This step, however, identified spectra in the Inco-37 dataset that were dominated by quartz.
(2) To increase the similarity index values, the algorithm was run a second time using a spectral library comprised of five quartz spectra from the Inco 37 dataset, which were visually identified as pure quartz and showed the same variation in their spectral shape as obtained from the oriented quartz crystal.
After the algorithm was applied a second time using spectra obtained from the Inco-37 dataset, a threshold value of 0.85 was set for the similarity index. All spectra in the Inco-37 dataset with a value <0.85 were masked and not included in the subsequent analyses because they frequently contained the spectral features of quartz in combination with the spectral features of other minerals, such as feldspar or biotite.
(3) Although the majority of the spectra with a value >0.85 identified in step two were pure quartz spectra, some mixed spectra were still present. To eliminate any remaining quartz spectra containing the spectral features of feldspar, the reflectance of each spectrum at 8.90 µm was subtracted from that at 9.00 µm (Eq. 1).
D FSP = Ref 9.00 -Ref 8.90 (1)
Any modification to the intensity of the quartz peak at 9.00 µm can be explained by the presence of feldspar. A spectrum containing feldspar produces a negative value for this calculation. Therefore, any spectrum with a D FSP value outside the range of 0 to -0.37 was not obtained from pure quartz and was not analyzed in the subsequent steps.
(4) Finally, each spectrum that produced a result between 0 and -0.37 was visually inspected to ensure that it was collected from pure quartz. This was done using the second derivative spectrum between 10 and 12 µm. In this wavelength range, the second derivative spectrum of pure quartz should resemble a horizontal line centered on the zero value. Any deviation from zero between 10 and 12 µm indicates the presence of another mineral, such as biotite and/or hornblende at sub-pixel size. Micas and amphiboles often produce moderate to intense peaks between 10 and 12 µm, fiG. 3. Reflectance spectra (7-15 µm) from the c-and a-axes of quartz, including a spectrum collected at an angle of 38° from the c-axis (spot size = 100 × 100 µm). Major spectral features are identified using dashed lines.
and their presence, however small, would be observed within this wavelength range in the second derivative spectrum. As a result, any spectrum with a deviation from zero between 10 and 12 µm was masked, and the remaining spectra were classified as pure quartz. In total, 285 (11%) of the spectra in the Inco-37 dataset were identified as pure quartz.
Quartz Spectral Analysis
We identified the exact position at which the spectral features of quartz were located in the 285 pure quartz spectra from the Inco-37 dataset and the three representative spectra from the oriented quartz crystal using an automated peak search function in TSG. To identify the position of each spectral feature, the amplitude within a specified wavelength range was examined in either the reflectance or the second derivative spectrum (Table 1) . The wavelength at which the maximum or minimum value for intensity occurred was calculated for each wavelength range. The following statistics were calculated on the results obtained from the 285 spectra from the Inco-37 dataset: average wavelength, standard deviation, minimum, median, and maximum. In addition, it was determined if displacement of the spectral features within each dataset had occurred.
In the preliminary phase of this study, we tested a variety of different band ratios to explore the relationship between spectra and quartz orientation. We found that the most suitable ratios for inferring orientation information were Ref , which quantify changes in the relative intensity of the trough at 8.63 µm in relation to the two peaks at 8.48 and 9.01 µm. These specific wavelengths were based on the average wavelength position of these spectral features identified in the Inco-37 dataset (Table 1) .
fiG. 4. Reflectance spectra (7-15 µm) of quartz collected from Inco-37 (spot size = 100 × 100 µm). Major spectral features are identified using dashed lines or a grey box. The wavelength value of each spectral feature is based on the average wavelength position calculated for the dataset of 285 spectra.
ResulTs
The Spectral Features of Quartz
Overall, the wavelengths at which the major spectral features of quartz are observed are very similar between the two datasets, and these results compare favorably with the historical literature (e.g., Coblentz 1906 , Reinkober 1911 , Plyler 1929 .
In spectra collected perpendicular (90°) to the c-axis (a-axis) from the oriented quartz crystal, five peaks are observed at 8.51, 8.98, 12.52, 12.83, and 14.44 µm. These peaks are observed at 8. 48, 9.07, 12.50, 12.80, and 14 .45 µm in the spectra collected at a 38°-angle from the c-axis. In spectra collected parallel to the c-axis, four peaks are present: 8.48, 9.10, 12.53, and 14.49 µm. In addition, the peak at 8.48 µm is accompanied by a lobe at 8.28 µm, and a small peak at 9.30 µm is located near the strong peak at 9.10 µm (Fig. 3 (Fig. 4 , Table 1 ). In reflectance spectra collected perpendicular (90°) to the c-axis (a-axis) from the oriented quartz crystal, three minima (7.37, 12.27, and 14.25 µm) and one trough (8.63 µm) are observed. These spectral features are observed at 7.40, 8.63, 12.27, and 14.25 µm in spectra collected at a 38°-angle from the c-axis. In reflectance spectra collected parallel to the c-axis, these spectral features are observed at 7. 44, 8.63, 12.28, and 14.25 µm. For the 285 quartz spectra collected from Inco-37, these spectral features are observed at 7. 25-7.48, 8.63-8.64, 12.26-12.29, and 14.21-14.25 µm.
Many of the spectral features show a systematic displacement in their position as a function of crystal orientation (Table 1 ). The Christensen feature at 7.35 µm and the peaks at 9.01, 12.50, and 14.44 µm are all located at longer wavelengths in spectra collected from the c-axis. In addition, the peaks at 8.48 and 12.27 µm are located at shorter wavelengths in spectra collected from the c-axis. Due to this displacement effect, which can be explained by the mixing of the ordinary and extraordinary rays, we focused our analysis on the spectral features that showed minimal displacement (i.e., the trough at 8.63 µm).
Many of the spectral features of quartz show changes in their relative intensity as a function of crystal orientation. In spectra collected from the c-axis, the peaks at 12.50 and 14.44 µm and the trough at 8.63 µm, which are produced by ordinary rays, are at their maximum relative intensity, whereas the peak at 12.79 µm, which is produced by the extraordinary ray, is at its maximum relative intensity in spectra collected from the a-axis (Figs. 3 and 4) (Reinkober 1911 , Saksena 1940 , Simon & McMahon 1953 , Lyon & Burns 1963 , Conel 1969 , McCracken et al. 1985 . In spectra collected from a quartz crystal, the relative intensities of these spectral features depend upon the relative abundance of the ordinary and extraordinary ray. Therefore, the relative intensities of the spectral features of quartz should relate closely to the orientation of the crystal. fiG. 7. The distribution of pure quartz spectra over a 1.5 × 1.5 cm grid collected from Inco-37. Each pixel represents a reflectance spectrum (spot size = 100 × 100 µm), and there is a 300 µm spacing between each row and column. 
Calculating Orientation
To calculate orientation, our analysis focused on the trough at 8.63 µm because the relative intensity of this spectral feature changes considerably as the quartz crystal is rotated from the c-axis, and it displays a minimal amount of wavelength displacement as a function of crystal orientation. To calculate its intensity, we used two band ratios: 8.63 . For the Inco-37 dataset, the relationship between these two band ratios is linear with an R 2 value of 0.99 (Fig. 5) . Furthermore, the endmembers of this trend correspond to the spectra collected from the c-and a-axis.
To ensure the best results, the band ratio Ref were identified. These values correspond to spectra from the c-and a-axis, respectively. The maximum value was assigned an angle of 0° (c-axis), and the minimum value was assigned the angle of 90° (a-axis) (Fig. 6) . The equation of the line that connected these two points (Eq. 2) was used to translate the remaining band ratios into a degree value. Our analysis relies on the assumption that the band ratio Ref 
The normalized values (range = 0.73-1.00) were created by dividing all band ratios in the Inco-37 dataset by the maximum band ratio value from the Inco-37 dataset (i.e., 1.631, which was collected from the c-axis).
Displaying the Orientation Results
The orientation results can be viewed in two ways: as an image that simulates the surface of the sample (Fig. 7) , or as a histogram that can be used to examine the distribution of the results (Fig. 8) . There are many benefits to examining the orientation data as a function of spatial position. It allows the observer to identify any visual patterns, but no visual patterns are discernible in the Inco-37 dataset. However, the histogram reveals that the orientation data is not normally distributed.
Some orientations are preferred, and the data appear to be multimodal. The average orientation is 49.4°, and the median is 54.4°. The higher occurrence of results between 50 and 75° indicates that there is some alignment of quartz crystals in this granite, which is not surprising considering it is Archean in age and has experienced multiple deformation events.
discussion
To estimate the orientation of quartz crystals in a rock, we used two band ratios (Ref 8.48 / Ref 8.63 and Ref 9.01 / Ref 8.63 ) to quantify the intensity of the trough at 8.63 µm (Fig. 5) . The relationship between these two band ratios is linear, and the endmember values correspond to the endmember spectra collected from the c-and a-axis (Fig. 4) band ratio values into a degree value. The results were plotted as a mineral map and as a histogram. Although the relative intensity of the trough at 8.63 µm can be used to infer the orientation of quartz in a rock, there are four things that must be considered when determining the orientation of quartz crystals using mid-infrared reflectance spectroscopy.
(1) Techniques that utilize mid-infrared reflectance spectroscopy to derive orientation information only work when they are applied to pure quartz spectra. Depending on the composition of the rock, there may be other minerals present (e.g., feldspars and micas) that produce spectral features that modify the position and intensity of the spectral features of quartz. Therefore, it is essential that any impure quartz spectra are identified in the first stage of the analysis and removed from the dataset. It is for this reason that we used the peak at 8.48 µm to quantify the depth of the trough at 8.63 µm, as opposed to the peak at 9.01 µm, which is subject to modification by many silicate minerals.
(2) The Inco-37 dataset undoubtedly contains spectra that were collected from two or more adjacent quartz crystals, and the resulting spectra are a product of spectral mixing. For example, two adjacent quartz crystals may be oriented at different angles, and the resulting spectrum is a proportional mixture. Although this type of mixing would be decipherable and avoidable using microscopy and visual interpretation, it is not detectable or avoidable using spectroscopy. This will introduce errors into the orientation results. However, this mixing should be randomly distributed over the entire dataset and would not result in the skewing of the data.
(3) Furthermore, reflectance spectroscopy only provides information about the orientation of the quartz crystal from the c-axis, but it does not provide any information that would indicate the dip direction of the axis.
(4) Finally, it appears that some calibration or scaling will be required when comparing the reflectance spectra of quartz collected from crystals of different sizes. For example, two of the spectra collected from the oriented quartz crystal (a-axis and 38°) plot on the Inco-37 trend line but their positions are shifted upwards compared to their Inco-37 equivalents (Fig. 5) . These results are shifted because the spectra from the oriented quartz crystal contain two additional peaks at 8.28 and 9.30 µm (Fig. 3) . Due to the presence of these two additional peaks, which are often observed in reflectance spectra collected from large, individual quartz crystals, the spectrum from the c-axis does not plot on the Inco-37 trend line (Fig. 5) . Additional research will help assess the robustness of this method in analyzing the fabric of quartz-bearing rocks.
conclusions Although much of the fundamental research on the reflectance spectroscopy of quartz began over 100 years ago, we have revisited this topic to show how modern technology can be used to infer the orientation of quartz crystals in a rock. Two datasets of reflectance spectra were collected, one from an oriented pure quartz crystal and another from a granite sample. / Ref 8.63 were used to infer the orientation of individual quartz crystals in the granite. In summary, the analysis methods that we have developed can be used judiciously to identify fabric in rocks, but the method should be adapted to each dataset.
